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Abstract
The use of process modelling and simulation as a tool to support the scale-up and qualification of new
large-scale CO2 absorption processes is presented. It is discussed how process modelling and simulation
may act as a supporting tool in various ways throughout the development and qualification stages of the
new technology. The discussion indicates that process simulation as a stand-alone tool does not provide a 
direct shortcut to successful design and scale-up, but if utilized in a proper way, it will contribute to 
reducing scale-up risks. Thus, putting more effort into developing rigorous (predictive) modelling tools
will increase confidence in the predictions of the large-scale design and performance.
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1. Introduction
In the development and deployment of CO2 capture and storage (CCS) technologies, a major challenge 
for stakeholders such as vendors, operators, and investors is to assess whether commercial scale plants
work as intended within acceptable risk levels. This work presents procedures for risk-based qualification 
of large scale CO2 absorption processes for CCS and the use of process modelling to support the
qualification and thus increase confidence. The Zero Emission Platform previously reported that a 
consecutive scale-up, validation and verification work is necessary for the development of large-scale
industrial processes [1]. In order to address this issue, Det Norske Veritas (DNV) has previously 
developed procedures for qualification of CO2 capture technologies and discussed scale-up issues [2], [3]. 
To reduce the challenges posed by the uncertainties that reside in the design and performance predictions 
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of the full scale applications, putting more effort on developing rigorous models is suggested. This will
enhance control of the risks, thus creating confidence in the design and performance. The present work 
focuses on modelling of CO2 absorption processes and in describing how predictive rate based process
modelling and simulation tools might be used to support the qualification throughout the scale-up as well
as the qualification work process previously developed.
2. Methodology
2.1. Risk based qualification of new CO2 capture technology
The methodology is founded on DNV’s procedure for risk-based technology qualification and is
visualized in Fig. 1. A core element of this methodology is the development of adequate qualification and
verification activities based on risk analysis.
Technology Qualification (TQ) is a specific type of assessment performed in many industries, e.g. the
energy sector, to verify that a new technology will work as intended. TQ aims at demonstrating with an
acceptable level of confidence that a new technology will function within specified limits. This is done by 
provision of documented evidence that, for instance, commercial objectives such as CO2 captured, power 
consumed, pollutants emitted, waste created, water consumed, etc., are achieved. The procedures for 
executing the various steps in the process presented in Fig. 1 are given elsewhere [2],[3],[4].
Fig. 1. Main steps in the DNV Technology Qualification Process [4]
2.2. CO2 capture process development and qualification
The uncertainties and failure probability generally decrease as a technology evolves through stages of 
development and as knowledge and evidence is generated through technology qualification. In process
development, design and modelling and simulation are highly integrated. Utilizing a process model in
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qualification may have several purposes which vary in the different qualification development phases,
such as:
supporting tool in early phase development to evaluate concept feasibility (novelty and show 
stoppers)
tool for predicting full-scale design and performance (where less data is available)
prediction of main uncertainties as input to the risk analysis
separate test activity for predictive qualification of key performance parameters
decision support tool  in the verification of compliance with the requirements and statements in 
the qualification basis
Fig. 2. Illustration of qualification progress for development stages represented by a series of milestones (such as technology 
development steps or project development stages) [4]
Fig. 2 illustrates that uncertainty and the probability of failure are reduced as qualification progresses,
until a remaining failure probability is determined. In the early stages of qualification, assessment of the
technology depends heavily on expert judgement (often referred to as qualitative assessment). The main 
objective is to identify the main uncertainties. Subsequently, the technology qualification process
addresses the most important uncertainties and gradually replaces expert judgment with empirical
evidence (often referred to as quantitative evidence). However, an element of judgements shall always 
remain, as the reports and statements supporting the Technology Qualification Basis shall often depend
on the interpretation of empirical evidence. In such cases, sensitivity analysis may be applied. The 
following sections elaborate on process modelling and simulation including sensitivity analysis for use as
support in process development and qualification.
3. Process modelling as a tool for design, scale-up and qualification of CO2 absorption processes
Process modelling and simulation (PMS) plays a vital role in process development, design, analysis as
well as in optimization of process systems. As introduced above, PMS is in many cases an integrated part 
of process development, and hence it is important to understand the strengths and weaknesses of such an
approach.
As starting grounds for the discussion, it should be recognized that process simulators never perform 
better than the model upon which they are based; hence a process simulator can never replace a process
engineer. Care thus must be taken when using simulation results as input to the design / development 
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process. It is therefore crucial to have a sound understanding of the limitations of the different sub-models 
and the assumptions made in developing both the models and the simulation cases.  
For the modelling of gas/liquid separation systems in general there are two main approaches; the 
equilibrium based and the rate based. Briefly explained these two terms refer to two different pathways 
for modelling absorption processes.  
The equilibrium based approach is historically the most common, but it is also the one that is the least 
rigorous since it does not explicitly account for mass/heat transfer and chemical reactions at the gas/liquid 
interface. Instead these models relate the liquid and vapour phase states by dividing the column into 
equilibrium stages and further assume that the phases are in physical, chemical and thermal equilibrium 
on these stages. It is however realised that most industrial separators operate far from equilibrium; this 
has led to the introduction of lumped experience based or empirical correction factors such as tray 
efficiencies or HETP† values accounting for the departure from equilibrium. It is generally recognized 
that gas/liquid contactors, and perhaps especially absorption towers for post combustion CO2 capture, 
operate far from equilibrium, and that in order for an equilibrium based model to properly model such a 
process, tray efficiency values as low as 0.1 must be incorporated in the model. However, when it comes 
to scale-up, such factors may be error-prone, since they are based on historical plant data which may not 
be valid for the new design and for describing less established systems.  
For the rate-based approach, the reactions and transport phenomena (mass/heat transfer, flow, etc.) are 
accounted for in the contactor model framework. The model equations will thus be more challenging to 
treat numerically, but since the models in a more direct way account for the phenomena occurring in the 
system, they can be applied to any contactor without relying on historical plant data. It is believed that for 
designing novel gas scrubbing systems there is need for a rigorous model framework, hence the main 
focus of this work is on the rate based model framework.  
The development of rigorous modelling & simulation packages the last decades have allowed for a 
development where research & development, design and operation can be integrated through the use of 
simulation tools. In Dimian  [5] this is referred to as the new paradigm of process engineering. Several 
examples of such an integrated development of CO2 capture processes currently exist in industry today. 
Such integrated development programs usually include experimental work focusing on establishing 
kinetic rate constants, vapour/liquid equilibrium and other physical data for the system being studied. 
These data are then subsequently utilized for developing mathematical models which ultimately are fed 
into the simulators model framework. 
3.1. The role of process simulations in process scale-up and risk reduction 
If utilized in a proper manner, modelling and simulation studies can provide a better understanding of 
the systems being treated and thereby increase the confidence of the proposed technology concept. In 
order to employ simulation tools for qualification or verification in process development, they need to be 
recognized and their performance must be documented. The preferred way of doing so is by validating the 
results against experimental data. For verification purposes, it is crucial that the user has the possibility of 
validating sub-models / sub-routines against reliable data, and if found necessary, replace or modify them. 
This should be done on both the sub-model level by utilizing laboratory data (e.g. VLE, kinetics, etc.) and 
 
† HETP = Height Equivalent to a Theoretical Plate. In equilibrium based column models theoretical or equilibrium are used to 
model the separation. Since the number of stages does not contain any information on the dimensions of the column, HETP values 
are used to relate the real column height to the number of stages used in the simulation. The HETP value thus is a lumped parameter 
reflecting the kinetics and mass transfer limitations. HETP values are withdrawn from historical design data and use of such values 
may thus be error prone for scale-up and design of novel systems. 
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by assessing the overall simulator performance using pilot, demo or full scale data. This is especially 
important for so called black box simulation software where the user has not taken part in the model 
development. In the sections below the different levels of model validation are elucidated. 
3.2. Sub-model validation 
By sub-model validation it is meant the validation of sub-models describing specific physical or 
chemical phenomena in the system. Examples of important sub-models are kinetic rate models, 
thermodynamic models, hydraulic models, etc. These sub-models should preferably be validated against 
fundamental experimental data (e.g. CO2 partial pressure data) either from literature or from own 
experimental campaigns. 
In integrated process development programs, special emphasis should be put on validating critical sub-
models such as chemical and phase equilibrium, kinetics and mass transfer, etc. One critical validation 
study is the assessment of the thermodynamic model included in the software; the results of such a study 
are shown in Fig. 3 in which the Aspen Plus E-NRTL-RK model  [6] is validated against experimental 
data found in literature for the 30 wt.% MEA system. Given the logarithmic scale it is observed that there 
are quite large discrepancies in the experimental data, and in some cases as high as 100%, hence the 
experimental data used as input to the model development must be judiciously selected. The effect of 
uncertainties in some of the sub-models is discussed further in the sections below. 
3.3. Simulator performance validation (pilot or demonstration scale) 
Perhaps especially interesting from a scale-up and qualification perspective is the validation of the 
overall performance of the simulator. This is typically done by comparing results from test campaigns in  
 
 
 
Fig. 3. Aspen Plus ENRTL-RK thermodynamic model compared to experimental data (30 mass% MEA). Caption: whole black: 
Aspen E-NRTL-RK 40°C; Dotted line: Aspen E-NRTL-RK 120°C;  [7];  [8] uno et al. [9];           
 [10]; (+)  Goldman & Leibush  [11]; ( ): Nilsen  [12]; (x) Ma’mun et al.  [13]  
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Fig. 4. Development of risk levels in the evolution of a process (for illustrative purposes only): H=high, M=medium, L=low. 
bench or pilot scale apparatus with the predictions of the simulator (temperature profiles, lean/rich 
loadings, degree of capture, evaporative losses, reboiler duty, etc.). Preferably, such studies should be 
performed at several scales or stages throughout the development phases (e.g. bench, pilot, demo); and on 
each of these stages, the effect of the scale should be investigated. Any discrepancies or unexpected 
results compared to the previous scale stage should be investigated and, if possible, quantified. In many 
cases this will lead to the conclusion that one or several of the sub-models need refinement. Hence, the 
validation procedure must be looked upon as dynamic.  
In Fig. 4, it is schematically illustrated how risk levels can be reduced through adequate qualification 
tests at the various development stages of a technology. At each development stage, process modelling 
tools should be validated in order to reduce the risks related to underestimating criticality of physical and 
chemical phenomena in the system. As an example it is given the validation of a model developed in the 
Aspen Rate Based Distillation package towards the Dong-Esbjerg-Caprice data  [14]. (Here experimental 
CO2 absorption rates from three pilot plant campaigns (ESB-T1A, ESB-T1E and ESB-T2C) are compared 
to the values withdrawn from a simulation study of the same pilot plant campaigns.) The results of this 
study are given in Fig. 5 in which the simulated absorption rates are compared to the experimental ones. 
One challenge of working with pilot plant data is the experimental uncertainty. In the above mentioned 
cases there is a relatively large uncertainty in the measured CO2 capture rates which makes model 
validation difficult. Nevertheless, it is seen that the model predictions seem to be within the experimental 
uncertainty of the test campaigns. One should however keep in mind that this campaign was based on 
MEA, a well-established system for which the relevant sub-models have been refined continuously 
throughout the years. For systems with new solvents, larger deviations could be expected due to bigger 
uncertainties in the sub-models. 
Discussed above is the use of simulation packages as direct input to the design process. In addition it is 
believed that the model development as such generates a lot of understanding of the systems being 
studied. Due to this increased understanding, the presence of a well-functioning and well documented 
process model may by itself be an indication of the maturity of the proposed process concept.  
3.4. Sensitivity analysis 
     Rate based process simulation tools are complex consisting of several model layers which contribute 
to the overall uncertainty of the model. The main components are the flow model comprising of mass and 
energy balances for the phases; the gas liquid interface model accounting for the effect of chemical 
reactions on the interfacial heat/mass transfer and the thermodynamic model describing phase and 
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Fig. 5. Parity plot Caprice  [14] 
chemical equilibrium. In addition to the main components given above, the model as a whole will include 
auxiliary sub-models for describing hydraulics, mass and heat transfer coefficients and physical data. All 
these sub-models add to the overall uncertainty of the simulation results with varying contribution. 
Sensitivity analysis is a method to identify the main factors that contribute to uncertainty. An example of 
a sensitivity analysis, looking into uncertainties in vapour-liquid equilibrium and interfacial area, are 
given below.  
The selected base case for this sensitivity analysis is a full-scale MEA-based CO2 capture facility 
operating on flue gas produced by a 400 MW NGCC. The concentration of CO2 in the flue gas is 3.98 
vol.% and the plant operates at recovery rate of 86% resulting in a CO2 production capacity of 
approximately 1.0 MMTPY. The capture plant consists of two parallel absorbers and one common 
desorber.  
Table 1 shows the main specifications of the base case used for the sensitivity analysis. The 
simulations were performed using Aspen Plus version 7.3 with the Rate based distillation add-in 
(formerly called Ratesep). Both columns were simulated using 30 “stages” or discretization points in axial 
direction. For describing the thermodynamics the electrolyte-NRTL model was used. For reaction kinetics 
and other physical and chemical properties a template rate-based model from Aspen Plus library was 
used  [6], hence the details are not described here. As for the packing, both columns were simulated using 
Sulzer Mellapak 250Y for which heat, mass and hydraulic correlations are available in the Aspen Plus 
environment. 
Table 1. Sensitivity analysis – base case specifications 
Parameters  Value 
CO2 in feed gas, vol% 3.98 
Design lean loading, mol CO2/mol MEA 0.54 
CO2 in treated gas, vol% 0.20 
Design rich loading, mol CO2/mol MEA 0.42 
Inlet feed gas temperature, °C 57 
Lean solution temperature, °C 39 
Absorber bottom temperature, °C 54 
Absorber top temperature, °C 38 
Absorber bottom pressure, bara 1.07 
Absorber top pressure, bara 1.02 
Reboiler duty, MW 75 
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3.5. Sensitivity analysis results and discussion 
In order to address the uncertainty associated with the phase equilibrium (VLE) data, the Henry’s laws 
constant for the binaries H2O-CO2 and MEA-CO2 were varied (decreased or increased by 20 to 50%). The 
variation of the parameters was then applied over the entire temperature and concentration span. The 
impact of varying the interfacial area on the absorption performance was also studied. In addition to the 
parameter variation, a short study on the influence of film discretization on the simulation results was also 
carried out.  Since the performance of the absorption column in many ways sets the terms for the rest of 
the plant, it was considered beneficial to assess the absorber performance in this work. Table 2 shows the 
results of VLE and interfacial area sensitivity analysis for the absorber where percentage changes in CO2 
capture compared to the base case simulation is reported for a variation range of 20 to 50% of the 
mentioned parameters.  
 
Table 2.  Results of sensitivity analysis for the absorber. The values represent percentage variation in CO2 capture compared to the 
base case simulation upon variation of Henry’s constant and interfacial area by 20% to 50%. 
 
 
 
 
 
 
As it can be seen from the results, the calculated changes in the capture rates are as expected. 
Increasing interfacial area would result in an improvement in the capture rate. On the contrary, an 
increase in the Henry’s constant will lead to a decrease in the CO2 capture rate due to lowering the 
solubility of the gas in the solvent. The change in the CO2 capture as a function of the change of design 
parameters is not fully linear though. 
The impact of film discretization (10 discretization points in the film) on the simulation results was 
studied by excluding the discretization and assuming only film reaction in the vapour phase. Results show 
a 2.3% increase in the CO2 capture rate compared to the base case simulation. This means that the 
required section height for the design made by film discretization method will be slightly higher. Also a 
significant effect is seen on the temperature profiles upon introducing film discretization. 
By looking into the percentage change levels in the capture rate, these results indicate that the impact 
of varying important design parameters on the performance of the process is not very crucial. The 
sensitivities obtained in this work lie well within experimental error as well as engineering over-design 
practices usually included in the design phase. 
The results obtained are also well supported by Tönnies et al.  [15] where a more extensive sensitivity 
study of a rate-based simulation of the reactive absorption of CO2 was performed.  By variation of most 
relevant input parameters of their model by ± 10% and the ± 50%, they arrived at the conclusion that for 
the ± 50% case high sensitivities are found for the interfacial area and for the Henry’s constant. 
4. Concluding remarks 
Calculated risks will have to be taken into account in the design, construction and start-up of the first 
commercial large-scale CO2 capture facilities for CCS application. These calculated risks should be 
minimized and assessed in a systematic and cost-efficient manner. Scale-up of CO2 capture processes, 
such as new CO2 absorption technologies, is an issue that gives a good example of where it will be 
effective to follow the principles of a structured, risk-based and transparent qualification approach. 
Absorber design 
parameters  
-50% -30% -20% +20% +30% +50% 
Henry’s constant 5.8% 3.0% 1.9% -1.9% -2.8% -4.5% 
Interfacial area -3.7% -1.8% -0.8% 0.5% 0.8% 0.95% 
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The present work has given a description of the use of process modelling and simulation as a tool to 
support the scale-up and qualification of new large-scale CO2 absorption processes. The discussion 
indicates that putting more effort into developing rigorous (predictive) modelling tools will increase 
confidence in the predictions of the large-scale design and performance. In scale-up and qualification, 
process modelling and simulation act as a supporting tool in various ways throughout the development 
and qualification stages of the technology. However, process simulation as a stand-alone tool does not 
provide a direct shortcut to successful design and scale-up, but if utilized in a proper manner way it may 
very well contribute to reducing scale-up risks.  
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